Abstract Detection and sizing of natural colloids involved in the release and transport of toxic metals and metalloids is essential to understand and model their environmental effects. Single-particle inductively coupled plasma mass spectrometry (SP-ICP-MS) was applied for the detection of arsenic-bearing particles released from mine wastes. Arsenic-bearing particles were detected in leachates from mine wastes, with a mass-perparticle detection limit of 0.64 ng of arsenic. Conversion of the mass-per-particle information provided by SP-ICP-MS into size information requires knowledge of the nature of the particles; therefore, synchrotron-based X-ray absorption spectroscopy (XAS) was used to identify scorodite (FeAsO 4 ·2H 2 O) as the main species in the colloidal particles isolated by ultrafiltration. The size of the scorodite particles detected in the leachates was below 300-350 nm, in good agreement with the values obtained by TEM. The size of the particles detected by SP-ICP-MS was determined as the average edge of scorodite crystals, which show a rhombic dipyramidal form, achieving a size detection limit of 117 nm. The combined use of SP-ICP-MS and XAS allowed detection, identification, and size determination of scorodite particles released from mine wastes, suggesting their potential to transport arsenic.
Introduction
Natural colloids, having sizes between 1 nm and 1 μm, are known to play a significant role as environmental vectors of toxic elements in relation with the contamination of soil-water systems [1] . Although the study of the processes involved in transport of colloids and its relevance to global element cycling is an active research field [2] , current understanding of metal(loid) colloid mobilization and transport is still limited, in part by a lack of reliable analytical methods. The development of new analytical methods to isolate, identify, and characterize micro-and nanoparticles acting as metal(loid) carriers is needed to determine the chemical speciation and mode of dispersion in the environment of these toxic pollutants.
The mobility of arsenic in environmental systems is controlled by sorption, precipitation, and dissolution processes that are tied directly to coupled reactions with iron and sulfur species [3] , so that the speciation of As ultimately controls its release and transport in a variety of environmental scenarios, such as tailings at abandoned mines [4] . Scorodite (FeAsO 4 · 2H 2 O) is the least soluble arsenate phase present in mine tailing systems, being also used by metallurgical industries to minimize As release into the environment [5] . The low solubility of scorodite limits the spread of As in acid minedrainage at mine sites, and thus the formation of scorodite is a desired secondary weathering phase of arsenopyrite or Asbearing pyrite [6] . However, there is concern that scorodite would not be stable over the long term and would convert to ferric oxyhydroxide, with the concomitant release of As to the soil solution [7, 8] .
Conventional methods for the characterization of colloids based on size and composition rely mostly on transmission electron microscopy [4, 9] and light scattering techniques [10] . In addition, conventional (ultra)filtration in combination with atomic spectrometry has been applied [11] . More recently, the emergence of flow field-flow fractionation (FFFF) techniques coupled to different detectors has allowed the detailed characterization of natural colloids [12, 13] . This separation technique has allowed study of metal(loid) species associated with microparticles, colloids, and macromolecules in aqueous samples, within the size range of 1 kDa to 50 μm [14] . Nevertheless, the nature of the colloidal samples (e.g., high acidity and/or high ionic strength) can prevent the use of flow field-flow fractionation due to the irreversible retention of the colloidal particle into the separation channel [15] .
More recently, single-particle inductively coupled plasma mass spectrometry (SP-ICP-MS) has emerged as a feasible methodology for the analysis of micro-and nanoparticles, providing information about size distributions and particle number concentrations, at levels down to thousands of particles per milliliter (ng L −1 expressed as mass concentration) [16, 17] .
In SP-ICP-MS, sufficiently diluted particle suspensions and high data acquisition frequencies are required to ensure that just one particle is measured during each reading period. Once entering into the ICP, the particles are vaporized, atomized, and ionized, producing a cloud of gaseous ions in the plasma, which can be measured as a single pulse. Under such conditions, the frequency of the pulses is proportional to the number concentration of particles, and the number of counts of each pulse is related to the number of atoms of the monitored element in the particle, and hence to the mass of element per particle, which, in turn, can provide information about the size of the particle [18] . As a first approximation, SP-ICP-MS allows the detection of elements in particulate forms or associated to particles. However, additional information about the nature of the particles analyzed is needed (composition, shape, and density) to convert the mass of element per particle provided by SP-ICP-MS into particle size. When this information is not available, assumptions have to be made, as for Zn-bearing particles detected in surface and waste waters, whose sizes were estimated under the assumption of spherical ZnO particles [19] . The feasibility of SP-ICP-MS was demonstrated by Degueldre et al. [20] , who applied this methodology to the analysis of synthetic colloidal and microparticle suspensions [21, 22] . Currently, there is an increasing interest in the use of SP-ICP-MS for the detection, determination, and characterization of pristine engineered nanomaterials, and also of these nanomaterials in environmental and biological samples.
However, its application in the field of environmental colloids is practically non-existent, and to the best of our knowledge, this is the first time that SP-ICP-MS has been applied to detect and characterize the size of As-bearing colloids. The aim of this work is to evaluate SP-ICP-MS as a potential technique for the detection of colloidal As mobilized from mine wastes, and to use X-ray absorption spectroscopy in combination to identify the nature of the colloidal particles and to estimate their size. [23] and adapted from Hsu and Sikora [24] . Thirty milliliters of 0.5 M KH 2 AsO 4 (Merck, Darmstadt, Germany) was mixed with 50 mL of 1 M HCl and 100 mL ultrapure water. Subsequently, 20 mL of 0.5 M FeCl 3 ·6H 2 O (Merck, Darmstadt, Germany) was rapidly added. The precipitate was aged for 9 days at 90°C and then washed twice and dried. The nature of the product was confirmed by X-ray diffraction (Fig. S2 in the Electronic Supplementary Material, ESM).
Materials and methods

Standards and chemicals
All chemicals used for sample preservation, analysis, and reagent preparation were analytical grade or higher. Ultrapure water (18 MΩ cm ; Milli-Q Advantage, Molsheim, France) was used for all solutions and dilutions.
Colloidal suspensions
Colloidal suspensions obtained by leaching of an As-rich mine waste were studied (the origin of the mine waste and its physical and chemical characteristics are described in the ESM). Mine waste samples were leached following the protocol described elsewhere [14] , with the modifications shown in Fig. 1 in order to obtain colloidal suspensions containing particles below ca. 1 μm and dissolved species. Briefly, 4 g of mine waste was mixed with 40 mL of leaching solution (1 mM KCl), placed into acid pre-cleaned polyethylene tubes, and agitated in a rotary tumbler at a speed of 28 ± 2 rpm at room temperature. Four leaching conditions, varying pH and time, were studied: (1) pH 3, t = 24 h; (2) pH 3, t = 168 h; (3) pH 6, t = 6 h; and (4) pH 6, t = 168 h (pH was checked at 6 h, 12 h, and every 24 h, adjusting it with HNO 3 or KOH 0.1 M if necessary). Suspensions were centrifuged (Heraeus Multifuge X1R equipped with swing bucket rotor 75003629; Thermo Fisher Scientific, Walthman, USA) at 800 rpm for 11 min to remove particles larger than ca. 1 μm [14] . The resulting supernatant solutions (~20 mL), containing particles below 1 μm along with dissolved species, were analyzed by HR-ICP-MS, SP-ICP-MS, and TEM, within the following 48 h. Additionally, the colloidal fractions were separated from the suspensions by ultrafiltration using 100 kDa (ca. 10 nm pore size) polyether sulfone membranes (Microsep; Pall, Ann Arbor, USA). The colloids retained onto the membranes were analyzed by XAS.
Total element concentration
Ten milliliters of each colloid suspensions was dissolved in aqua regia and subjected to microwave-assisted digestion (Ethos Series 1; Milestone, Milan, Italy). The solutions from the digestion were filtered and analyzed for As and Fe by high resolutioninductively coupled plasma-mass spectrometer (HR-ICP-MS; Thermo Scientific Element XR, Walthman, USA).
Ultrafiltration
Dissolved As in the colloidal suspensions was separated by ultrafiltration through polyether sulfone membranes with 3 kDa pore size (Nanosep; Pall, Ann Arbor, USA). To this end, 300 μL of each suspension in duplicate was added to the ultrafiltration cartridge and centrifuged at 9000 rpm for 15 min. The ultrafiltrate was diluted to 10 mL before performing the ICP-MS analysis.
Single-particle ICP-MS analysis
A Perkin-Elmer Sciex model DRC-e ICP mass spectrometer (Toronto, Canada) was used for SP-ICP-MS analyses. The sample introduction system consisted of a glass concentric Slurry nebulizer and a cyclonic spray chamber (Glass Expansion, Melbourne, Australia). Default instrumental and data acquisition parameters are listed in Table 1 . Data obtained with ICP-MS software (ELAN instrument software version 3.3) were imported as comma delimited files into Excel (Microsoft, Redmond, USA) and Origin 8.0 data analysis software (OriginLab Corporation, Northampton, MA, USA) and further processed.
The mass of arsenic per particle (m P ) was determined according the following expression [16] :
where r P is the pulse intensity (measured in counts), K ICPMS is the detection efficiency (ratio of the number of ions detected versus the number of atoms introduced into the ICP), and K M Fig. 1 Procedure for the isolation of the colloidal samples from the mine waste and the analyses performed on the colloidal suspension (≤1 μm), the colloidal fraction (1 μm-10 nm), and the dissolved fraction (<1 nm) (=AN Av /M M ) includes the contribution from the element measured (A, atomic abundance of the isotope considered, 1 for As; N Av , Avogadro number; M M , the atomic mass of As). K ICPMS was estimated following a procedure based on the use of dissolved standards of the element and the nebulization efficiency of the instrument [25] . Briefly, the relationship between the signal r (ions counted) and the mass concentration of a solution of an element M (C M ), which is nebulized into an ICP-MS, can be expressed as [16] :
where r dis is the signal intensity (counts), K intr (=η neb Q sam ) represents the contribution from the sample introduction system, through the nebulization efficiency (η neb ) and the sample uptake rate (Q sam ), and t dwell is the dwell time. The mass of element (m dis ) measured from the solution of concentration C M along a dwell time (t dwell ) is given by:
By combining Eq. 2 and 3:
which is equivalent to Eq. 1, if the element behaves in a similar way both in particulate or dissolved form. Application of Eq. 1 requires knowledge of the detection efficiency for the instrument and the element selected. K ICPMS can be obtained by performing a calibration with dissolved standards (Eq. 2), once the nebulization efficiency, the sample flow rate, the dwell time, and the factor K M are known. Nebulization efficiency was calculated following the particle frequency method developed by Pace et al. [25] , as the ratio between the number of particles detected and nebulized, by using a suspension of known number concentration prepared from NIST RM8013 60 nm gold nanoparticles.
X-ray absorption spectroscopy
Colloidal fractions isolated by the procedure described above were analyzed by X-ray absorption spectroscopy (XAS). Arsenic and Fe K-edge EXAFS spectra were collected at the bending magnet BM25A beamline at the European Synchrotron Radiation Facility (ESRF, Grenoble, France). Methods and reference materials (Table S1 ) are described in the ESM.
Transmission electron microscopy
A JEOL JEM 2100 (JEOL Ltd., Tokyo, Japan) transmission electron microscope was used with an operating voltage of 200 kV. Colloidal suspensions were deposited on carboncoated Ni grids and evaporated. Energy-dispersive X-ray spectrometry (EDS) was performed with the attached OXFORD INCA system. Image processing was performed using Image J software (U.S. National Institute of Health, Bethesda, Maryland, USA) [26] .
Results and discussion
Release of arsenic from contaminated mine wastes
Previous studies of the bulk mine wastes by XAS and XRD showed that arsenic was mainly present as scorodite, whereas in the soils and sediments surrounding the dump area, arsenic was found to be associated with ferrihydrite (hydrous ferric oxyhydroxide) [7] . Colloidal suspensions leached from these samples were analyzed by asymmetrical flow field-flow fractionation ICP-MS (AF4-ICP-MS) and XAS. These results confirmed that arsenic was sorbed onto colloidal ferrihydrite particles, with sizes between tens and hundreds of nanometers depending on the sample type [15] . On the other hand, suspensions from the mine wastes could not be analyzed directly by AF4-ICP-MS due to their acidic pH and high ionic strength, which led to the aggregation and adsorption of the colloids inside the separation channel of the AF4 system. Although scorodite has been proposed as a phase for removing dissolved arsenic due to its low solubility and longterm stability, scorodite mobilization as colloidal particles and potential dissolution with changing environmental conditions cannot be ruled out. In the area under study, pH of soil samples ranged from 3.3 in the mine waste pile to 6.1 in the sediment from a pond where the surface runoff from the waste pile was collected. To mimic the pH range observed at field site, soil leaching experiments were performed at pH 3 and 6 which includes the pH of minimum solubility of scorodite (3-4) [27] . Solutions of 1 mM KCl were used as the leaching medium in order to simulate the ionic strength of runoff and superficial waters. Because scorodite dissolution is expected to be extremely slow [28] , leaching times up to 7 days were selected. In addition, a synthetic scorodite was used as a control sample for As-bearing particulate material. Table 2 shows the total arsenic and iron concentrations in the colloidal suspensions leached from the mine waste soils for the four leaching conditions selected. Arsenic concentrations ranged from 2.74 to 4.38 mg L −1 . The suspensions showed an As/Fe molar ratio close to 1, consistent with the presence of scorodite. The fraction of arsenic leached from the soil in dissolved form was determined by ultrafiltration of the colloidal suspensions using 3-kDa cartridges. The pore size of the membranes is ca. 1 nm, and thus the ultrafiltrate was assumed to contain only dissolved arsenic species, mainly arsenate. The potential adsorption of dissolved arsenic on the PES ultrafiltration membrane was checked by ultrafiltration of standard solutions of arsenate (50 μg L
−1
). Recoveries of 99.7 ± 0.5 and 99.0 ± 0.9 were obtained at pH 3 and 6, respectively, showing that no significant adsorption of ionic arsenate occurs on the PES membrane. Table 3 summarizes the colloidal fraction of arsenic present in the suspensions studied and in the synthetic scorodite control. This colloidal fraction was calculated as the difference between the total concentration of arsenic in the suspensions and the concentration determined in the ultrafiltrates, corresponding to arsenic associated with particles between 1 nm and 1 μm. Clearly, around 90 % of arsenic is leached as colloidal particles both at pH 3 and 6, and even for the synthetic scorodite, at short leaching times. After 7 days, the colloidal fraction was reduced slightly (to 86 %) at pH 3 and more significantly (to 72 %) at pH 6. These results suggest that steady-state conditions were achieved at pH 3 between 1 and 7 days, whereas dissolution of colloidal arsenic species or the release of ionic arsenic from colloidal particles occurred at pH 6.
Detection of arsenic-bearing particles by SP-ICP-MS
Ultrafiltration in combination with an atomic spectrometry technique (ICP-MS) provided indirect evidence about the presence of arsenic associated with colloidal particles released from the mine waste sample. However, analysis of the colloidal suspensions by SP-ICP-MS can provide direct evidence about the arsenic-bearing particles. Suspensions of the synthetic scorodite were used as a reference for As-bearing particles. Figure 2a shows a typical SP-ICP-MS time scan obtained from a synthetic scorodite suspension with a total arsenic concentration of 50 μg L −1
. By plotting the corresponding frequency histograms (Fig. 2b) , two partially a Calculated as the difference between the ICP-MS analysis of As before and after ultrafiltrating the samples by 3-kDa membranes, ±standard deviation of three replicate experiments overlapped distributions were obtained. The first distribution was due to the background and the marginal contribution of dissolved arsenic, and the second distribution corresponds to the As-bearing particles. Two resolved distributions were not obtained due to the attainable mass-per-particle limit of detection (LOD mass ). Based on a 3σ criterion, this limit of detection can be expressed as:
where K ICPMS is the detection efficiency (ratio of the number of ions detected versus the number of atoms introduced into the ICP) and K M (=AN Av /M M ) includes the contribution from the element measured, where A is the atomic abundance of the isotope considered, N Av is the Avogadro number, and M M is the atomic mass of M [16] . For arsenic and the experimental conditions used here, a LOD mass of 0.64 ng per particle could be achieved. The data from the histogram of Fig. 2b was processed according the protocol developed by Laborda et al. [16] . The pulse intensity corresponding to the mode of the first distribution (μ B ) was used for calculating the threshold criterion
Þfor removal of background events, as well as for subtracting the particle events to obtain their corresponding net intensities. Pulse intensities were converted to arsenic masses, by using Eq. 1, in order to obtain the corresponding mass-per-particle histogram (Fig. 2c) . Figure 3 shows the mass-per-particle histograms corresponding to the colloidal suspensions leached from the mine waste. The histograms provide direct evidence of arsenic associated with particles from soil leaching, but not about the nature of such particles. Additional characterization techniques are needed to determine the specific composition of the particles and to relate the mass-per-particle content to the size of the particles.
Speciation of As in the colloidal fraction by XAS
The As and Fe K-edge EXAFS spectra of the colloidal fraction leached from the mine waste and results of linear combination fits (LCF) of reference As and Fe compounds are shown in Fig. 4 ; fit results are reported in Table 4 . The As K-edge EXAFS spectra indicate a major contribution from scorodite (67-86 %), and a secondary contribution from As(V) sorbed to ferrihydrite (18-33 %). The corresponding Fe K-edge EXAFS spectra were also characterized by a major contribution from scorodite (86-92 %) and a minor fraction of a Fe-oxide phase such as hematite or goethite (13-16 %). Both As and Fe EXAFS spectra point out the decreasing contribution of scorodite with time after the leaching experiments. The EXAFS spectra of the colloidal fractions were also analyzed by shell-by-shell fitting to determine interatomic distances (Tables S2 and S3 , ESM). Fit results showed that As and Fe atomic environments in the colloids were consistent with a dominant fraction of As and Fe in scorodite [29, 30] . X-ray absorption spectroscopy analysis confirmed that arsenic is mostly leached from the contaminated soil as particles of scorodite. Fig. 3 Mass-per-particle histograms of colloidal suspension (≤1 μm) from mine waste leachates. a pH 3, t = 24 h; b pH 3, t = 168 h; c pH 6, t = 6 h; and d pH 6, t = 168 h Size determination of As-bearing particle
Once the composition and phase of the arsenic-bearing particles are known, the size of the particles can be estimated. Scorodite crystals present an orthorhombic structure (Fig. S3 in the ESM) , corresponding to FeO 6 octahedra sharing corners with four adjacent arsenate tetrahedra (AsO 4 ) in a three-dimensional framework [30, 31] with a rhombic dipyramidal form. Assuming that the three edges of the rhombic dipyramid are equal to e (Fig. S3 in the ESM), the mass of arsenic per particle (m As ) can be related to the edge through:
where ρ is the density of the scorodite (3.27 g cm −3
) and X As is the mass fraction of arsenic in scorodite (74.92/230.79).
Using Eq. 6, a size limit of detection (LOD size ), related to the average edge of scorodite crystals, can be estimated from the previously calculated LOD mass . Assuming that arsenic is found Fig. 4 Arsenic K-edge EXAFS spectra (a) and magnitude Fourier-transformed EXAFS spectra (b) of the colloidal fractions: (ii) pH 3, t = 168 h; (iii) pH 6, t = 6 h; and (iv) pH 6, t = 168 h. Iron K-edge EXAFS spectra (c) and magnitude Fourier-transformed EXAFS spectra (d) of the colloidal fractions. Experimental data are shown as black lines and linear combination fits (LCF) are presented as red lines. Fit results are given in Table 4 in the particles as scorodite, and using the experimental conditions of this work, a LOD size of 117 nm could be achieved.
Equation 6 was used to transform mass-per-particle histograms (Figs. 2c and 3 ) into size histograms. Figure 2d shows the size histogram corresponding to synthetic scorodite, and size histograms of the colloidal particles from the mine waste are presented in Fig. 5 . Figure 2 shows all of the steps required to obtain size information from a suspension by SP-ICP-MS. Once the time scan has been acquired (Fig. 2a) , the signal histogram is plotted (Fig. 2b) . Next, the background contribution is removed, and the signal intensities corresponding to particle events are converted to mass of the target element by using Eq. 1 (Fig. 2c) . Finally, mass-per-particle histograms are converted into size histograms through Eq. 6 (Fig. 2d) . The synthetic scorodite showed sizes below 200-250 nm.
Size histograms from Fig. 5 reveal that arsenic is mobilized from the mine waste as scorodite particles with sizes up to leached from the mine waste under different leaching conditions. a pH 3, t = 24 h; b pH 3, t = 168 h; c pH 6, t = 6 h; and d pH 6, t = 168 h 300-350 nm for leaching times of 24 h. The size of the particles decreases to 250-300 nm for leaching times of 7 days, suggesting some dissolution of scorodite with time, particularly at pH 6. Due to the size limit of detection determined above (117 nm), particle size distributions between 10 and 100 nm could not be measured. Colloidal suspensions were also analyzed by TEM-EDS to confirm the results obtained by SP-ICP-MS. In all samples, orthorhombic structures with an As/Fe molar ratio close to 1 were observed, consistent with the presence of scorodite particles. By further processing of the images, scorodite crystals below 300-350 nm were observed (Fig. 6 ), in agreement with the size information obtained by SP-ICP-MS.
Conclusions
SP-ICP-MS is capable of providing direct evidence about the presence of elements in particulate form in suspensions, as well as information about the mass of element per particle. However, SP-ICP-MS cannot give information about the size of the particles unless supplemented with additional information about their composition, shape, and density in order to transform mass-per-particle into size information. The composition of engineered nanoparticles is usually known, but this is uncommon for natural colloids in environmental samples that often contain heterogeneous mixtures. In such cases, additional information about the speciation of the element is required. By combining SP-ICP-MS, which provided specific information about particulate forms of arsenic, and XAS, which allowed to know the speciation of the particles, direct evidence of the leaching of arsenic from a mine waste as scorodite particles with sizes below 300-350 nm was obtained. TEM analysis also supported the size determination of the As-bearing particles leached.
The approach described involves that particles bearing the element under study should be present as just one major chemical species to obtain size information from the SP-ICP-MS measurements. Furthermore, the possibility of obtaining full particle size distributions relies on size detection limits low enough, which in turn depend on the element monitored, the composition of the particles involved, and the detection efficiency of the ICP-MS instrument used. This means that better performance may be achieved by using double focusing or improved quadrupole or time-of-flight instruments. Finally, although along this work XAS has been used to obtain the speciation information required, other characterization techniques may be applied, like bulk X-ray diffraction or TEM combined with selected area electron diffraction (SAED) and/ or electron energy loss spectroscopy (EELS). Fig. 6 Transmission electron microscopy (TEM) images of the colloidal suspensions (≤1 μm) leached from the mine waste under different leaching conditions: a pH 3, t = 24 h; b pH 3, t = 168 h; c pH 6, t = 6 h; and d pH 6, t = 168 h. Dotted rectangles indicated scorodite crystals (molar As/Fe ratio ca. 1)
